The asymmetry of Einstein-Podolsky-Rosen (EPR) steering is a significant feature distinct from entanglement and Bell non-locality. It induces the success of the steering task only along one direction (one-way steering). In the past few years, the investigations concerning one-way steering have been demonstrated in a series of experiments. However, they relies on the relevant steering inequalities and the choices of measurement settings. Here, we verify the one-way steering via entanglement detection without using any steering inequality and measurement setting. By constructing two new states from a two-qubit target state, we observe the one-way steering by detecting the entanglement of these new states. The results show that the entanglement of the newly constructing states can be regarded as a new kind of EPR steering witness of target states. Compared to the results of Xiao et al. [Phys. Rev. Lett. 118, 140404 (2017)], we find that the ability of detecting one-way steering in our scenario is stronger than two-setting projective measurements, which can observe more one-way steerable states. Hence, our demonstrations can deepen the understanding of the connection between steering and entanglement.
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Introduction.-The investigations of Einstein-Podolsky-Rosen (EPR) steering, which was considered as a spooky action permissible under the rules of quantum mechanics, can be traced back to 1935 [1, 2] . Assuming two entangled parties shared by Alice and Bob in separated space, the EPR steering depicts a distinctive non-classical trait that Alice can immediately steer the Bobs system by implementing a measurement on her system. However, the EPR steering was rigorously and operationally defined as an information-theoretic task until recently [3] . The EPR steering exists in the situation that the joint probabilities of measurement outcomes cannot be described by constructing a local hidden variable-local hidden state (LHV-LHS) model. The hierarchy of quantum nonlocalities, namely, steerable states are a strict subset of the entangled states [4] and a superset of Bell nonlocal states [5, 6] , was also provided by Wiseman et al. [3] . The EPR steering can thus be regarded as the entanglement witness. It is verified by the violation of various steering inequalities, including linear steering inequalities [7, 8] , inequalities based on entropic uncertainty relations [9] [10] [11] [12] , steering criterion from geometric Bell-like inequality [13] . In the past decade, the explorations concerning EPR steering have attracted increasing attention since it has many potential applications in quantum information processing, for example, one-sided device-independent quantum key distribution [14] [15] [16] , secure quantum teleportation [17, 18] , one-sided device-independent randomness generation [19] , and so on.
One of the important features of the EPR steering is its inherent asymmetric characteristic differ from entanglement and Bell nonlocality [3, 20] , which has the unique advantage in several quantum information tasks. In principle, there ex-ist two-qubit entangled states in which the steering from Alice to Bob can be achieved, but Bob cannot steer Alice, or vice versa. This case is considered as one-way steering, and such entangled states are one-way steerable states. On the theory side, based on the choices of measurements, the one-way steering have been explored from projective measurements [20] [21] [22] to positive operator-valued measures (POVMs) [23] [24] [25] . More recently, Bowles et al. proposed a simpler family of two-qubit states [22] , which are still steerable from Alice to Bob even with infinite measurement settings. On the other hand, the one-way steering were first investigated for continuous variable systems [26, 27] , and then were constructed for discrete systems [20, 21, 24] .
Experimentally, the investigations of one-way steering were demonstrated by a few efforts in the past few years. The first verification of one-way steering was completed by performing Gaussian measurements on Gaussian states [28] , and then was extended to a multipartite system [29] . By using the steering radius, Sun et al. demonstrated the asymmetry of steering in the case of two-setting projective measurements, and the phenomenon of one-way steering may disappear with the increase of measurement setting [30] . Considering a Werner state with a lossy channel at one side, Wollmann et al. observed the one-way steering in the general setting of POVMs [25] . Xiao et al. verified asymmetric steering with multisetting projective measurements according to steering radius in experiment [31] . By increasing the settings of measurements, some unsteerable states can be transformed into oneway steerable states. Based on a two-qubit state with loss, Tischler et al. verified one-way steering without assumption concerning the experimental state or measurement [32] . How-ever, these experimental efforts rely on the relevant steering inequalities and the choices of measurement settings, which makes it difficult to avoid the locality loophole presented in EPR steering tests. In general, entangled state can be verified by detecting EPR steering, and the converse is not always true [23] . The detection of EPR steering is also strictly harder than the detection of entanglement [33] . Therefore, an open question raises: can we realize the observation of EPR steering by detecting the entanglement in experiment? That is still lacking, and this study may provide a new way to test a difficultly detected quantum correlation by translating it into an easily detected problem.
In this manuscript, we demonstrate the one-way steering via detecting entanglement in experiment, without using any steering inequality and measurement setting. To be specific, we experimentally construct two new states from a two-qubit target state on the basis of the recent theories of Das et al. [34] and Chen et al. [35] , and observe the one-way steering by detecting the entanglements of the new states for the first time. The results verify that the entanglement of new constructed states can be considered as a new kind of EPR steering witness of target states in experiment. These experimental results can deepen our understanding of the connection between steering and entanglement. We further compare our results with the ones of Xiao et al. [31] , and it is shown that the ability of detecting one-way steering in our scenario is stronger than two-setting projective measurements. It has a wider region for the observation of one-way steerable states.
Observing EPR steering via entanglement detection.-Considering a bipartite quantum state ρ AB shared by Alice and Bob, and the possible choices of measurements are A (measurement operators denoted by M A a ) and B (measurement operators denoted by M B b ) for Alice and Bob, respectively. Assuming that Alice obtains the measurement outcome a by carrying out the measurement of A on her subsystem, Bob obtains corresponding outcome b by implementing the measurement B on his subsystem. If and only if the corresponding joint probability distribution of the outcomes cannot be expressed by P (a, b|A, B, ρ AB ) = λ P (λ)P (a|A, λ)P Q (b|B, ρ λ ), and then the ρ AB is steerable from Alice to Bob [3] . Here, P (λ) is the probability distribution over the LHVs satisfying λ p(λ) = 1. P (a|A, λ) indicates a general probability distribution, and
is the probability of outcome b perform measurement B on the LHS ρ λ . In other words, the ρ AB can realize steering from Alice to Bob if and only if there is no LHV-LHS model descripted by the joint probability distribution for arbitrary measurements implemented by Alice and Bob.
Any bipartite separable state is defined as a convex mixture of product states, namely,
The state ρ AB is entangled if and only if the joint probability distribution cannot be represented by P (a, b|A, B, ρ AB ) =
That is, the ρ AB is an entangled state if and only if there is no LHS-LHS model descripted by this joint probability distribution for arbitrary measurements performed by Alice and Bob. Recently, Das et al. [34] and Chen et al. [35] proposed a criteria of the EPR steering for bipartite states by the entanglement detection of new constructed states. In theory, for any two-qubit state ρ AB shared by Alice and Bob, we can construct two new states as τ 1 AB and τ 2 AB ,
and
Here,ρ 1
is an entangled state, then the state ρ AB shows that Bob can steer Alice. In addition, if τ 2 AB is entangled, then the steering task from Alice to Bob can be realized.
In order to observe the one-way steering in experiment, one-way steerable states need to be prepared in our photonpolarization-qubit system. We focus our attention on a family of two-qubit target states [22] :
The horizontally and vertically polarized components are represented by H and V, respectively. It is shown that the state is steerable from Alice to Bob if α > 1/2. Moreover, it is demonstrated that Bob cannot steer Alice for cos 2 (2θ) ≥ (2α − 1)/(2 − α)α 3 by employing the uniform distribution as an ansatz for the LHS ensemble [22] . According to Refs. [34] and [35] , the new states τ 1 AB (α, θ) and τ 2 AB (α, θ) for ρ AB (α, θ) can be given by
It is known that the entanglement of qubit states can be effectively identified by the concurrence [36] . Considering a two-qubit state ρ AB , the concurrence is written as
are the eigenvalues with decreasing order of the matrix ρ AB (σ y ⊗σ y )ρ * AB (σ y ⊗σ y ). The variable ρ * AB represents the complex conjugate of in the fixed basis {|00 , |01 , |10 , |11 }. By some calculations, the condition for the case that τ 1 AB (α, θ) is an entangled state (Bob can steer Alice) can be given by
with 0 < θ ≤ π/4. The condition of τ 2 AB (α, θ) being an entangled state (Alice can steer Bob) can be written as 1/ √ 3 < α ≤ 1 and 0 < θ ≤ π/4. Hence, the condition of state ρ AB (α, θ) for realizing one-way steering from Alice to Bob is
with 0 < θ < π/4. The detailed calculations are given in the Supplemental Material.
Experimental implementation and results.- Fig. 1 provides the schematic diagram of our experimental setup. The setup consists of three modules: (a) state preparation, (b) new state construction, and (c) entanglement detection. To be specific, a tunable diode laser emits a center wavelength of 405nm and high-power (130mW) continuous laser beam, which passes through the polarization beam splitter (PBS). Subsequently, the transmitted beam is passed through a 405nm half-wave plate (HWP1) and focused on two type-I β-barium borate (BBO) crystals (6.0 × 6.0 × 0.5mm). The state |ψ(θ) = cos(θ) |HH + sin(θ) |V V shared by a pair of entangled photons (λ = 810nm) are generated via spontaneous parametric down-conversion (SPDC) [37] . We can control the state parameter θ by adjusting the rotation angle of HWP1. We insert an unbalanced interferometer (UI0) in the path of A, and the beam splitter (BS) in the UI0 separate the photon into two paths (represented by p 1 and p 2 ). In the path p 1 , the state of photons remains unchanged. The path p 2 is composed by a HWP2 with 22.5 o and three 321λ yttrium orthovanadate (YVO 4 ) crystal, which can completely destroy the coherence. The state shared by the photons of path p 2 and path B is transformed into an incoherent state in the basis of σ z , and the diagonal elements are cos 2 θ/2, sin 2 θ/2, cos 2 θ/2, and sin 2 θ/2, respectively. The two-qubit states ρ AB (α, θ) can be prepared by combining the paths p 1 and p 2 into one, and the state parameter α can be changed conveniently by using attenuator (ATT) in the UI0. 30 states ρ AB (α, θ) are prepared to carry out the one-way steering test in our experiment. Their distributions are denoted by the red, blue and green solid circles in Fig. 2 , and the distributions of theoretical steering states ρ AB (α, θ) are also displayed by different color regions. The red region represents the states ρ AB (α, θ) for which τ 1 AB (α, θ) and τ 2 AB (α, θ) are not entangled states in theory, which implies Alice and Bob cannot steer each other. The blue region, which is depicted by Eq. (7), represents the states ρ AB (α, θ) for which only τ 2 AB (α, θ) is entangled state. That is to say, the ρ AB (α, θ) are one-way steering states in which Alice can steer Bobs state, but Bob cannot steer Alices state. The green region represents the case that both τ 1 AB (α, θ) and τ 2 AB (α, θ) are entangled states, and the steering task succeeds in both directions. In our method, we observe the one-way steering by detecting the entanglement of these new states τ 1 AB (α, θ) and τ 2 AB (α, θ), without using any steering inequality and measurement setting. This is distinct from the ones in Ref. [31] , which investigated the one-way steering of ρ AB (α, θ) by using the multimeasurement settings and the steering radius. Note that, Fig. 2 also provides the results of Ref. [31] . Specifically, the region between the two dashed red curves corresponds to the one-way steerable states in the case of two-measurement settings, i.e., Alice can steer Bobs state, but Bob cannot steer Alices state. The region between two solid red curves represents the one-way steerable states in three-measurement settings. In comparison with the two-measurement settings, the scenario of entanglement detection can capture more one-way steerable states. The capturing ability of the scenario is approximately equivalent to the three-measurement settings. We also depict the oneway steering region in infinite-measurement settings, which is bounded by the solid black curve, and the states below the curve are one-way steerable (Alice can steer Bobs state) with infinite-measurement settings [22] .
We further construct new states τ 1 AB (α, θ) and (α, θ) . In our scenario of observing the EPR steering through entanglement detection, the red area represents the case that the steering task fails in both directions. The blue area represents the one-way steering states for which Alice can steer Bobs state, but Bob cannot steer Alices state. The green area represents the states for which Alice and Bob can steer each other. The red, blue and green solid circles in the corresponding regions are the experimentally prepared states. The region between the two dashed red curves corresponds to the one-way steerable states for two-measurement settings, and the region between the two solid red curves represents the one-way steerable states for three-measurement settings in Ref. [31] . The region below the black curve represents one-way steerable state for infinite-measurement settings [22] . (α, θ) ), respectively. The red solid circles and hollow triangles correspond to the case for which the τ 1 AB (α, θ) and τ 2 AB (α, θ) are all separated, i.e., the states ρAB(α, θ) are unsteerable state. The blue solid circles and hollow triangles correspond to the case for which only the τ 2 AB (α, θ) is entangled, namely, the one-way steering task (Alice can steer Bobs state, but Bob cannot steer Alices state.) can be realized. The green solid circles and hollow triangles correspond to the results that τ 1 AB (α, θ) and τ 2 AB (α, θ) are all entangled, i.e., Alice and Bob can steer each other. structed by combining these two paths p 1 and p 2 (in the UI1) into one in the experiment. The state parameter µ 1 is set to 1/ √ 3 ≈ 0.58 by adjusting ATT in the UI1. The detailed method for determining the µ 1 is shown in the Supplemental Material. Similarly, in order to construct τ 2 AB (α, θ), we need to change the position of UI in module (b). That is, the photon of path B in module (b) is sent to Bob directly, and the UI2 is inserted in the path of A. Two-photon state shared by the photons in the path p 2 of UI2 and path B is transformed into an incoherent state, the diagonal elements are cos 2 θ/2, sin 2 θ/2, cos 2 θ/2 and sin 2 θ/2, respectively. The state τ 2 AB (α, θ) can be constructed by mixing the paths p 1 and p 2 of UI2 into one. The state parameter µ 2 is also set to 1/ √ 3 ≈ 0.58 by using ATT in the UI2.
Module (c) is used to realize the detection of entanglement by performing a quantum state tomography process [38] . The fidelity of τ 1 AB (α, θ) and τ 2 AB (α, θ) are calculated by
, where τ and τ 0 are the experimental and theoretical density matrices, respectively. In our experiment, 30 new states τ 1 AB (α, θ) and 30 τ 2 AB (α, θ) are constructed, and the fidelities of all these states are beyond 0.9873.
In the following, we observe the one-way steering by detecting the entanglement of these 60 new states. The results of experiment are shown in Fig. 3 , and the insets in Fig. 3(e ) and (f) are the magnification of the regions in the purple panes. The solid circles and the hollow triangles represent the experimental results of C(τ 1 AB (α, θ)) and C(τ 2 AB (α, θ)), respectively, which are calculated according to the density matrices τ 1 AB (α, θ) and τ 2 AB (α, θ) obtained by tomography. Based on the standard deviation from the statistical variation of the photon counts, which are assumed to follow Poisson distribution, all error bars are estimated in the experiment. Note that some of error bars are very small and not displayed in the Fig. 3 . In order to match the experimental results with the theoretical ones in Fig. 2 , we use solid circles and hollow triangles with different colors in Fig. 3 to represent the corresponding experimental results. As seen from Fig. 3 , the six red solid circles and six red hollow triangles display that the experimental concurrences of states τ 1 AB (α, θ) and τ 2 AB (α, θ) are all equal to zero. The results imply that the six prepared states ρ AB (α, θ) (represented by six red solid circles in Fig. 2 ) are unsteerable state. The eleven blue solid circles and eleven blue hollow triangles in Fig. 3 represent that the τ 1 AB (α, θ) are separable states and the τ 2 AB (α, θ) are entangled states, respectively. The experimental results can help us to identify that the eleven prepared states ρ AB (α, θ) (represented by eleven blue solid circles in Fig. 2 ) can realize the one-way steering from Alice to Bob. One can see from Fig. 3 that the thirteen green solid circles and thirteen green hollow triangles indicate that the τ 1 AB (α, θ) and τ 2 AB (α, θ) are all entangled state in experiment. The results signify that the thirteen prepared states ρ AB (α, θ) (represented by thirteen green solid circles in Fig. 2 ) are both-way steering states, in which the steering task succeeds in both directions (Alice and Bob can steer each other). Hence, the experimental results show good agreement with theoretical ones, and the one-way steering of two-qubit target states ρ AB (α, θ) can be observed through the entanglement detection of these new states. It also demonstrates that the entanglement of new constructed state can be regarded as a new kind of steering witness in experiment.
Moreover, as shown in Fig. 2 , some one-way steering states, which can be demonstrated in our scenario, cannot be verified in the case of two-setting projective measurements. Nearly all one-way steering states, which can be observed in the case of three-setting projective measurements, can also witnessed by detecting entanglement. This means that the ability of detecting one-way steering in our strategy is stronger than two-measurement settings, and can compete with the three-measurement settings.
Conclusions.-In this manuscript, based on 30 prepared two-qubit states ρ AB (α, θ), 60 new states τ 1 AB (α, θ) and τ 2 AB (α, θ) are constructed in the experiment. The one-way steering of ρ AB (α, θ) are experimentally observed by detecting the entanglement of these new construction states, and any steering inequality and measurement setting are not used in the process of demonstration. Our results verify that the steering from Bob to Alice can be witnessed by the entanglement of τ 1 AB (α, θ), and the steering from Alice to Bob can be witnessed by the entanglement of τ 2 AB (α, θ). The one-way steering task from Alice to Bob can be realized in experiment due to the result that the τ 2 AB (α, θ) and τ 1 AB (α, θ) are entangled and separate states, respectively. Hence, the entanglement of newly constructed state provides a new way to witness steering in experiment. The ability of testing one-way steering in our scenario is stronger than two-setting projective measurements, and more one-way steerable states can be observed by detecting the entanglement of the constructed states. Hence, our work demonstrates that one can effectively certify EPR steering by translating it into an easily certified quantum nonlocality (i.e., the entanglement) in experiment, and it is also potentially used to understand the relation between steering and entanglement in quantum information tasks.
